It is critical to develop a fabrication technology for precisely controlling an interconnected porous structure of scaffolds to mimic the native bone microenvironment. In this work, a novel combined process of additive manufacturing (AM) and chemical etching was developed to fabricate graphene oxide/poly(L-lactic acid) (GO/PLLA) scaffolds with multiscale porous structure. Specially, AM was used to fabricate an interconnected porous network with pore sizes of hundreds of microns. And the chemical etching in sodium hydroxide solution constructed pores with several microns or even smaller on scaffolds surface. The degradation period of the scaffolds was adjustable via controlling the size and quantity of pores. Moreover, the scaffolds exhibited surprising bioactivity after chemical etching, which was ascribed to the formed polar groups on scaffolds surfaces. Furthermore, GO improved the mechanical strength of the scaffolds. 
Introduction
To fabricate a multi-scale and interconnected porous structure for scaffolds is a key challenge in bone tissue engineering [1] [2] [3] . In general, pores with hundreds of microns (macro pores) are necessary for vascularization and tissue ingrowth [4] [5] [6] . On the other hand, pores with several microns or even smaller (micro pores) on the scaffolds surface allow facile communication between the cells and scaffolds, thereby promoting extracellular matrix formation [7] . Moreover, the micro pores on surface provide more sites for apatite formation and cell adhesion. In addition, the degradation rate of scaffolds should be adjustable to enable synchronous replacement of the scaffold with the cells and extracellular matrix [8] . And an adequate mechanical strength is also required to provide structural support for the new tissue [9, 10] . Therefore, it is of great importance to develop scaffolds with suitable porous structure, degradation rate and mechanical strength to meet the multiple requirements. To obtain the porous structure of scaffolds, substantial efforts have been devoted to exploring scaffolds fabrication methods, including freeze-drying [11, 12] , gas forming [13] and polymeric sponge [14, 15] , etc. Nevertheless, these methods show significant limitations due to the use of organic solvents or poor control over the porous structure (size, shape and interconnectivity). Recently, additive manufacturing (AM) has gained considerable attention because of its capacity to fabricate scaffolds with tailored architecture [16] [17] [18] . The process is conducted in a layer-by-layer fashion enabling the formation of a well-defined and highly controlled porous structure [19] [20] [21] . On the other hand, chemical etching can create micro pores on the scaffold surface by using inorganic etchants [22] . As some of the material is etched away, pits and protrusions are created on the native smooth surface, resulting in a porous surface topography. However, it is difficult to fabricate the required porous structure by using AM or chemical etching alone, as the smallest pore size by the former method is always tens to hundreds of microns while the porous structure by the latter method only distributes on the scaffolds surface. In view of this deficiency, the efforts in this study were oriented towards investigating the possibility of combining these two techniques to fabricate multi-scale porous scaffolds.
Poly(L-lactic acid) (PLLA) is widely recognized as a promising scaffold material by virtue of its good biocompatibility and process ability [23, 24] . It is able to degrade in vivo into nontoxic products, which makes it one of the few polymers that obtain the approval of Food and Drug Administration (FDA). However, PLLA is semicrystalline and highly hydrophobic, resulting in very slow degradation kinetics. It is known that PLLA is susceptible to chemical etching in sodium hydroxide (NaOH) solution [25] . This motivates us to hypothesize that the slow degradation rate of PLLA scaffolds may be adjusted by chemical etching due to the changes of porosity and topography on the scaffolds surface. Moreover, the etching process may also introduce hydrophilic hydroxyl and carboxyl groups to the scaffolds surface, which is beneficial for apatite nucleation. The mechanical strength, on the other hand, inevitably becomes victim to the etching process due to the increased porosity and formation of pits or even cracks on the scaffolds surface. To compensate the mechanical losses and maintain the porous structure, we endeavor to reinforce the porous scaffold by introducing graphene oxide (GO), which has shown great potential as reinforcing agent because of excellent mechanical properties and high surface area [26] [27] [28] . To our knowledge, research on the combined process of AM and chemical etching for the fabrication of multiscale porous scaffold is still a blank area.
In this work, a combined process of AM and chemical etching was developed to fabricate multi-scale porous structure for GO/PLLA scaffold. The porous structure, mechanical properties and degradability of scaffolds were systematically investigated.
Materials and methods

Materials
Medical-grade PLLA powder was purchased from Jinan Daigang Biomaterial Co., Ltd. It had an average molecular weight of 10,000, a glass transition temperature of 60~65 °C, a melting temperature of 175~185 °C and a purity ≥99%. GO powder (diameter of 100~200 nm, thickness of 0.8~1.2 nm, single layer ratio >99% and purity >99%) was produced by Nanjing JCNANO Tech Co., Ltd., China. Analytical-grade NaOH used in this study was obtained from Xilong Chemical Co., Ltd., China. Ultrapure water was used throughout the experimental process.
AM and chemical etching process
As illustrated in Figure 1 , the fabrication process of multi-scale porous scaffolds consisted of three steps, including powder preparation, scaffold fabrication and chemical etching. For the first step, GO/PLLA composite powder was prepared as the raw material for composite scaffolds. More specifically, certain amounts of PLLA and GO powders with a mass ratio of 99:1 were ultrasonically dispersed with continuous stirring in separate containers containing ethanol for 30 min. The resulting suspensions were then mixed together and subject to ultra-sonication and stirring for additional 30 min. Afterwards, the mixed suspension was filtered using Millipore filter, followed by vacuum-drying at 40 °C for 24 h. Finally, the powder was scraped off the filter and crushed in a mortar to obtain GO/PLLA composite powder.
For the second step, the PLLA or GO/PLLA composite powders were used to prepare scaffolds on a selfdeveloped laser AM system [29] , with laser power of 5 W, scanning speed of 500 mm•min -1 and layer thickness of 0.15 mm. The detailed fabrication process could be described as follows: firstly, a layer of powder was laid on the platform, then a laser was controlled to selectively scan and bond the powder particles according to a predetermined path, after the bottom layer was completed the platform would drop down by a layer's thickness, and a new layer of powder was laid and printed on the former layer, this process would be repeated until the scaffold was obtained. With this process, the pore properties (size, shape, distribution, interconnectivity, etc.) of scaffolds could be highly controlled by altering the laser and scanning parameters (laser spot size, scanning space, etc.).
For the third step, NaOH solution (concentration of 1 mol•L -1 ) was prepared by dissolving the aforementioned NaOH in ultrapure water under continuous stirring for 2 h to ensure complete dissolution and prevent local concentration buildup. Then the scaffolds were subjected to a chemical etching process by immersing them in the NaOH solution under stirring at 37 °C. The weight ratio of NaOH-to-scaffold in the solution was higher than 1000 (1600:1 mole ratio) to ensure a nearly constant pH during the etching process. As depicted in Figure 1C , PLLA could be broken down into two shorter soluble chains with new carboxyl groups and hydroxyl end groups via a hydrolysis reaction with NaOH. After chemical etching for different time periods (0.5, 1.0, 1.5 h), the scaffolds were rinsed with ultrapure water to remove residual NaOH and PLLA fragments until the eluant reached a stable pH of 7.0, followed by vacuumdrying at 40 °C for 24 h. For brevity, the scaffolds with or without GO addition were designated as GO/PLLA-x and PLLA-x, respectively, where x corresponded to the etching time in NaOH solution.
Characterization
The porous scaffolds were sputter coated with a thin platinum layer for imaging by using a field emission scanning electron microscope (FE-SEM, Tescan Mira/ LMU, Czech Republic). Phase analysis on the scaffold surfaces was performed using a Rigaku D/MAX 2550V diffractometer with Cu-Kα radiation at a voltage of 40 kV, a current of 250 mA, a scanning speed of 2 °•min
and 2θ range of 5°~65°.
The porous scaffolds were subjected to compression tests by using a universal testing machine (WD-D1, Shanghai Zhuoji instruments Co., Ltd., China) equipped with a S-beam load cell at a crosshead speed of 0.5 mm•min . The stress-strain curves of the scaffolds were recorded until breakage to determine the compressive strength. Besides, the hardness (HV) of the scaffolds was measured by indentation technique using a digital microhardness tester (HXD-1000TM/LCD, Shanghai Taiming Optical Instrument Co., Ltd., China). The indentations were made on the scaffolds at a peak load of 2.94 N (300 gf) and a dwell time of 15 s. H V was then calculated from the indentation data based on Eq. 1:
where P is the peak load and d is the diagonal length of indentation. For both the compression and indentation tests, five replicates were carried out for each group and the results were averaged.
The degradation behavior of scaffolds was studied by incubation in home-made simulated body fluid (SBF) solution, which consisted of 8.
In brief, all the scaffolds were firstly weighed by using an electronic balance (FA1004, Changzhou Hengzheng Electronic Instrument Co., Ltd., China) and then sterilized with 70% ethanol aqueous solution, which also served as a pre-wetting treatment to enable the subsequent permeation of SBF solution into all of the pores of the scaffolds. Afterwards, the scaffolds were immersed in SBF solution (scaffold/solution ratio of 10 mg/mL) at 37 °C in sealed 12-well plates (LabServ, Thermo Fisher Scientific, USA) under a mild shaking condition. To better mimic the degradation environment in vivo, SBF solution was collected and renewed every second day. At week 1, 2, 3, 4, and 5, the scaffolds were collected, gently rinsed with ultrapure water, vacuumdried at 40 
Statistical analysis
All quantitative results were expressed as means ± standard deviations. Statistical analysis was performed between different groups by Student's t-test using SPSS software (SPSS Inc., Chicago, IL, USA). And p values < 0.05 were considered statistically significant.
Results
Multi-scale porous structure
To gain insight into the multi-scale porous structure, FE-SEM analysis was employed to study the porous morphology and size distribution of scaffolds. As presented in Figure 2 (a1), the scaffolds exhibited a welldefined porous network in three dimensions comprising interconnected pores, with an average pore size of 948±74 μm. Clearly, the chemical etching process did not alter the original interconnected porous structure of the scaffolds (Figures 2(a2) , 2(a3) and 2(a4)). Moreover, further observations revealed that the scaffold without chemical etching had a smooth surface while those chemically treated scaffolds exhibited a progressively roughened surface feature with the extension of etching time. This was attributed to the non-homogeneous hydrolysis of PLLA caused by the non-uniform local crystallinity and cross-linking on the scaffolds surface. Subtle morphological variations were revealed at highermagnification images. It was found that the chemical etching process introduced micro pores (pits and protrusions) throughout the struts of the scaffolds due to the cleavage of ester bonds. A short etching time of 0.5 h produced some surface pores with characteristic sizes of 1~2 μm. As the etching time increased to 1.0 h, more PLLA was hydrolyzed, leaving well-ordered pore arrangement on the scaffold surface with pore size ranging from 1 μm to 3 μm. Moreover, these pores were penetrated by smaller pores with pore size less than 1 μm. In comparison, extending etching time to 1.5 h led to numerous pores with a range of sizes ranging from 1 μm to 10 μm on the struts. Such an increase of surface roughness demonstrated a time-dependent etching degree and higher hydrophilicity compared to PLLA-0 scaffold, facilitating the adhesion and ingrowth of cells [30] . However, many cracks appeared on the scaffold surface after 1.5 h of etching, which implied that excessive etching might damage the original surface porous network or even the structure of bulk scaffold. These results confirmed that the multi-scale porous structure could be fabricated and regulated by altering the parameters of AM and chemical etching. 
Phase composition
The phase composition of scaffolds was analyzed using X-ray diffraction (XRD) within a wide 2θ range of 5°~65° (Figure 3) . Results presented typical broadened patterns dominated by two diffraction peaks located at 16.6° and 19.1°, which could been ascribed to the semicrystalline nature of PLLA. After NaOH etching process, no new diffraction peaks were detected, demonstrating the NaOH etching process did not lead to phase change.
Mechanical properties
Compression tests were performed to quantify the effect of chemical etching on the mechanical properties of the multi-scale porous scaffolds. Figure 4(a) showed the representative stress-strain curves of the scaffolds under compression tests. It could be seen that the stress of PLLA-0 scaffold had a sudden drop at a maximum of 20.1 MPa, indicating the brittleness nature of PLLA. In comparison, the maximum stress of scaffolds after chemical etching gradually decreased. It was not surprising that the chemical etching process had a negative effect on the compressive properties of scaffold due to the increased porosity on scaffold surface. The relationship between the compressive strength on etching time was presented in Figure 4 (b). As the etching time increased from 0 h to 1.5 h, the compressive strength of the scaffolds was considerably decreased by 30.1% from 22.2 ± 1.7 MPa to 15.5 ± 1.5 MPa. It was well known that scaffolds should have adequate mechanical properties to provide structural support for the new tissues after implantation [8] . Therefore, to compensate the mechanical loss caused by chemical etching, 1 wt% GO was incorporated into the PLLA scaffolds. The typical microstructure of GO/PLLA scaffold before chemical etching was presented in Figure 4 (c). It could be seen that after the addition of GO, the GO/PLLA scaffold also exhibited a smooth and dense surface, showing no obvious differences compared with PLLA scaffold shown in Figure 2 (c1). The surface porous structure of GO/PLLA-1.0 scaffold was presented in Figure 4(d) . Similarly, little differences in the micropore structure were observed between the etched GO/PLLA-1.0 scaffold and PLLA-1.0 scaffold. The compressive stress for GO/PLLA-0, GO/PLLA-0.5, GO/PLLA-1.0, and GO/PLLA-1.5 were 32.2 ± 1.3 MPa, 28.3 ± 1.2 MPa, 24.5 ± 2.1 MPa, 19.7 ± 2.3 MPa, respectively. Clearly, the incorporation of GO considerably improved the mechanical properties of the etched scaffolds. Specifically, the compressive strength of GO/PLLA-1.0 scaffold was approximately 41.6% and 10.3% higher than that of PLLA-1.0 scaffold and PLLA-0 scaffold, respectively. Moreover, the strength of fabricated scaffolds was comparable to or even higher than that of cancellous bone (4-20 MPa) [31] . Subsequent indentation tests revealed a similar trend of the hardness with that of compressive strength, as showed in Figure 5 . The hardness of PLLA-0 scaffold could reach 22.21 ± 0.84 Hv, whereas the porous surface structure by chemical etching impaired the hardness of scaffolds, e.g. after etching for 1.5 h the hardness decreased by 18.7% to 18.05 ± 1.41 Hv in comparison to PLLA-0 scaffold. However, the hardness of scaffolds was distinctly improved after the incorporation of GO. Particularly, GO/PLLA-1.0 scaffold exhibited a 21.8% increase of hardness to 23.34 ± 1.14 Hv compared with PLLA-1.0 scaffold (19.16 ± 1.21 Hv). Such a significant reinforcement of PLLA-x scaffolds is believed to result from the strong polymer-GO interface and reinforcing mechanisms by GO [32] , which could slow down the crack propagation in the scaffolds under load. And the hardness of fabricated scaffolds was comparable to that of cancellous bone (20-30 Hv) [31] .
Biodegradation and mineralization
The multi-scale porous scaffolds were immersed in SBF solution to investigate the degradability and bioactivity. As shown in Figure 6 , PLLA-0 scaffold had a stable degradation curve over 5 weeks of immersion. It underwent little weight loss during the first week and degraded slightly about 6.6% ± 1.3% until 5 weeks. In contrast, the chemically etched scaffolds demonstrated accelerated degradation rates with increasing chemical etching time. Specifically, PLLA-0.5 and PLLA-1.5 scaffolds lost 2.8% and 4.4% of their initial weights after the first 1 week of immersion. Then the weight loss showed a continuous increase in the subsequent weeks. After 5 weeks, the weight loss of PLLA-0.5 scaffold was about 13.1 ± 1.9%, whereas the weight losses for PLLA-1.0 and PLLA-1.5 scaffolds rapidly increase to 15.6 ± 1.5% and 20.1 ± 2.2%, respectively. These kinetic trends indicated that the complete degradation of PLLA scaffolds could be regulated from a few months to a year by altering the porous structure according to specific needs. In addition, the addition of GO showed no obvious effect on the degradation rate of PLLA scaffolds.
In view of the hydrophilic hydroxyl and carboxyl groups on PLLA-x scaffolds, it was necessary to evaluate their bioactivity in terms of apatite-forming ability by SBF tests. Thus, the degradation morphology and element distribution of scaffolds after immersion for 5 weeks were studied by FE-SEM/EDS ( Figure  7 ). Figures 7(a1) and 7(b1) showed no apparent deposits on PLLA-0 scaffold after immersion due to its hydrophobicity. Interestingly, Figure 7 (a2) showed that some spheres formed on the surface of PLLA-0.5 scaffold. The chemical analysis of these spheres by EDS (Figure 7(c2) ) revealed typical peaks of calcium and phosphate with a Ca/P atomic ratio of 1.5, indicating the formation of apatite crystals [33] . With increasing chemical etching time, the amount of apatite crystals on scaffolds surface increased, which could be attributed to the increased hydrophilic groups and contact area between the scaffolds and solution. In the case of GO/PLLA-1.0 scaffold, almost a layer of apatite could be observed on the scaffold surface owing to more nucleation sites provided by GO. This was also confirmed by the stronger peaks of calcium and phosphate displayed in Figure  7 (c5) as compared with PLLA-x scaffolds. These results indicated that both the degradability and bioactivity of PLLA scaffolds could be moderated by altering the porous structure via AM and chemical etching.
Discussion
In this study, interconnected porous PLLA scaffolds were fabricated by AM, and then chemical etching was used to obtain porous structure on the scaffolds surface via selective hydrolysis in NaOH solution. It was well accepted that the crystalline regions in PLLA were more difficult to cleave by alkaline treatment than the amorphous regions. Thus, the hydroxyl anions in NaOH solution would primarily attack the carbonyl groups in the amorphous regions of PLLA, leading to the cleavage of ester bonds into water-soluble oligomers or shorter polymer chains with polar groups. Along with the dissolution of these oligomers and short chains, micro pores formed on the scaffolds surface. There were many kinds of pore structure, including surface pores, inside pores, etc. In our study, the chemical etching process introduced micro surface pores throughout the struts of the scaffolds. And smaller pores with pore size less than 1 μm penetrated these surface micro pores. Although they were not fully interconnected, similar structure have also been prepared and named as surface pore structure by many other studies. For example, Park et al. used chemical etching to create surface pores on the PLGA scaffolds [34] . Gautier et al. constructed surface pores on silicon layers by chemical treatment [35] . Yerokhov et al. developed macroporous crater-like surface on silicon by chemical and electrochemical etching [36] . As revealed by the FE-SEM analysis in our study, the hydrolysis reactions could be promoted with prolonged etching time, leading to increased pore number and pore size in both depth and width. But on the other hand, excessive etching resulted in the damage of original porous network or even shrinkage-induced cracks, thereby deteriorating the properties of the polymer scaffolds.
Once the scaffolds were immersed in SBF solution, the micro pores on scaffolds surface allowed more contact of the scaffolds with the molecules in SBF, resulting in accelerated degradation rate. Moreover, the slopes of the degradation curves changed over time, indicating a variation in the degradation mechanism from an initial low ion diffusion at early stage to a faster network degradation at prolonged immersing times. In addition, the formed polar hydroxyl and carboxyl groups on scaffolds surface could attract the calcium cations in SBF solution and acted as nucleation sites for initial apatite formation. Thus it was easy to understand that both the degradation rate and bioactivity of the scaffolds were controllable by varying the chemical etching time. It should be noted that the micropores obtained by chemical etching improved the surface activity via accelerated apatite deposition, which contributed to forming good bone/scaffold interface bonding [37] [38] [39] . Meanwhile, the micropores increased the surface roughness and thus could significantly facilitate cell adhesion and resultantly bone tissue growth [40] [41] [42] . Moreover, the formed micropores accelerated the degradation rate of the scaffold. There was no doubt that timely degradation is important to the healing of bone defects. Therefore, these surface micropores were certainly beneficial for bone tissue regeneration.
However, the mechanical properties of PLLA scaffolds were significantly decreased after the alkaline treatment due to the increased porosity. Thus, GO was incorporated to enhance the mechanical properties of PLLA scaffolds. It was well accepted that the microstructure and porosity had a significant effect on the mechanical properties of scaffolds. Nevertheless, little differences in the microstructure and porosity were observed between the etched scaffolds with and without GO, as presented in Figures 2 and 4 . In fact, the size of surface micropores obtained by chemical etching was about 1-2 microns, which was 2-3 orders of magnitude different from the macropores (hundreds of microns) constructed by AM. Therefore, the porosity of the scaffold mainly depended on the macropores constructed by AM, instead of the micropores obtained by chemical etching. Moreover, the macropore structure of the scaffolds was determined by the AM parameters, including laser spot size, hatch spacing, etc. Therefore, at the same AM parameters, there was no obvious differences in porosity between the scaffolds with and without GO. In this study, GO/ PLLA scaffolds exhibited a much higher compressive strength, which might be ascribed to the reinforcing mechanisms by GO, such as crack bridging [43] and pullout [44] , enabling the efficient absorption and dissipation of stress in the scaffolds. More importantly, the addition of GO provided more active sites for apatite nucleation, thereby further improving the bioactivity of PLLA scaffolds. The biocompatibility of PLLA and GO/PLLA scaffolds has been studied using CCK 8 assays in our previous study. And the results reveled that PLLA/GO scaffold had better biocompatibility than PLLA scaffold. The stimulatory effect of GO on cell behavior was attributed to the oxygen-containing functional groups on GO surface that could promote cell proliferation [45] [46] [47] .
Conclusions
A combined process of AM and chemical etching was developed to fabricate multi-scale porous scaffolds. By modulating the parameters of AM and chemical etching, the GO/PLLA scaffolds possessed: (i) controllable multiscale porous structure, that was interconnected macro pores and surface micro pores; (ii) tunable degradation rate ranging from a few months to a year; (iii) favorable bioactivity resulting from the formed polar groups and GO; (iv) adjustable mechanical strength in a range of 15.5~24.5 MPa. The combined process in this study could be extended to other polymer-based scaffolds and was expected to provide a new strategy for developing porous scaffolds. 
